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Abstract: For many people seeing means understanding because it is the most direct way of
verifying. Thus, seeing phenomena into transparent media represents a challenge which needs to be
solved. The schlieren technique is a method that allows to see changes in the refractive index of
transparent materials when a density gradient is established. In this paper a schlieren visualization
device will be put together and characterized. Different arrangements were assembled in order to
discuss which is the optimum setup. Several aspects as type of light source, focal length or knife-
edge cutoff are taken into account. Ultimately, the device was tested in extreme conditions when it
was used to visualize a sound wave produced by an electric spark. This allowed us to determine its
speed and, therefore, corroborate that the visualized perturbation indeed corresponds to a sound
wave.
I. INTRODUCTION
The first people who saw inhomogeneities in trans-
parent media probably did it by what is now known as
shadowgraphy. For instance, when light from the sun
goes through the surface of a shallow river and creates
ripple-like shadows on its bed. However, what we know
as schlieren technique was not reported until the 17th
century by R. Hooke and C. Huygens [1]. Later on, J.P.
Marat was the first person who drew and observed flow
in fluids [2]. But it was not until the 19th century that
A. Toepler [3] studied the phenomenon with great detail.
He used the first knife-edge cutoff, other than the pupil’s
eye, and named it schlieren, which means ’optical inho-
mogeneities in glass’ in German. Nowadays, it is widely
used to explore shock wave motion and fluid dynamics,
such as noise generation in pulsating air jets or density
variations in water due to vortexes.
Light travelling through transparent media slows its
speed from c (light speed in vacuum) to v, letting us de-
fine the refractive index n = c/v. This index is different
for all materials and strongly depends on their density.
For gases this relation is n = kρ+ 1 , where ρ is the den-
sity and k is the Gladstone-Dale coefficient, different for
each gas. If we consider that our gas satisfies the perfect-
gas state equation, p = ρRT where p is its pressure, R
is the specific gas constant and T is its temperature; it
is observed that temperature or pressure variations will
lead to a change in the refractive index. As well, the
Clandstone-Dale coefficient is not constant but increases
slightly for increasing wavelengths λ [4].
In the following, we will derive how these index
variations interact with light. Let us suppose a planar
light wavefront that travels along the z axis in a medium
of refractive index n, where we consider a right-handed
Cartesian x,y,z coordinate system. When this medium
suffers a refractive index variation from n1 to n2 along
the z axis, rays will bend and the wavefront will change
direction. This change in direction describes an angle
∆ respect to the z axis in the y direction. Thus, by
knowing the speed variation v2 − v1 and considering the











where ∆y is the original wavefront length. The differen-
tial time ∆t is the time for the light to travel from the









Combining eq.(1) and eq.(2) and assuming that the per-










Assuming a perturbation of length L and integrating
eq.(3) we obtain that a refractive index variation in the
y axis leads to a deflection angle y of the rays that oth-







Thus, any refractive index variation in the x-y plane of
a transparent object will result in the deflection of the
rays that travel through that object. All along the previ-
ous derivation we have assumed a bidimensional gradient
field and disregarded any variations along the z axis.
Let us now suppose a setup like the one presented in
Fig.1 in order to explain the underlying principle of the
schlieren technique. Let a point light source be in the
object focal point of a converging lens. Thus, all rays
emerging from the lens are parallel. Then, a second con-
verging lens collects all rays on its image focal point,
where a knife-edge cutoff is placed at a height that it
almost intersects the beam completely. The medium to
study, or schlieren object, has to be placed between the
lenses. Finally, a camera or screen is placed in the im-
age plane of the schlieren object in order to visualize the
resulting image.
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Figure 1: Principle of operation of the schlieren technique.
As observed in Fig.1, when there is no alteration in
the shlieren object all rays focalize at the same point
and pass freely through the cutoff. Hence, an even illu-
mination image is projected on the screen. However, let
us assume that the schlieren object suffers a refractive in-
dex variation. Now, rays that were parallel to the optical
axis are deflected according to eq.(4) and as displayed in
Fig.1. Thus, rays emerging from B and D are deflected
upwards and downwards respectively, for example, and
no longer converge in the focus of lens f2. By placing the
cutoff in the focal point, all rays that are deflected down-
wards are cut out and cannot reach the screen, leaving a
shadow on it. Thus, when there is a perturbation in the
schlieren object and the knife-edge is in place we are able
to obtain a binary image (bright and dark) where some
of the deflected rays are cut out and others pass freely.
Nevertheless, real light sources are finite, no matter
how small, and act as the sum of countless point light
sources. Therefore, the obtained image in an actual ex-
periment is not binary but gray-scale. This is due to the
combination of many rays following different paths and
crossing the cutoff at different heights. So, when the im-
age is composed by summing all the rays, the illuminance
level will depend on the amount of none-cut-out rays [5].
There are two main features which define how the gray-
scale image looks like: the sensitivity and the measuring
range. Sensitivity is the ability to detect changes in the
refractive index of the media, so the minimum percep-
tible refractive index variation. The measuring range is
the range of angles over which an illuminance alteration
can be measured. In [4] it is seen that sensitivity is pro-
portional to the focal length of the second lens and in-
versely proportional to the height of the beam that avoids
the cutoff. Besides, it is pointed out that sensitivity and
measuring range are inversely proportional to each other.
Thus, given a certain focal length for the second lens, the
knife-edge will be placed at the right height so that both
sensitivity and measuring range are as high as possible.
Moreover, to detect small changes in the refractive index
of the schlieren object a great separation between the two
lenses is required. A problem concerning the illumination
arises when placing the knife-edge: the higher the cutoff
edge, the less the illuminance. Thus, an intense light il-
lumination system is required to see clear images and to
avoid the loss of light.
Aiming to set up a shlieren visualization device and
check its performance, we set up a dual-field-lens shlieren
arrangement [6]. It essentially corresponds to the sketch
in Fig.1, yet the screen was replaced by a recording cam-
era and the light source required a condenser to avoid the
loss of light and an iris diaphragm to simulate a point
light source.
II. EXPERIMENTAL SETUP
The core of the setup was composed of a light source
and a collimating system, an iris diaphragm, which aper-
ture worked as point light source , two converging lenses
with a focal length of 150 mm, a horizontal blade from
an utility knife as cutoff and a CCD camera.
Three different lamps were tested: a conventional
tungsten halogen lamp of 500 W, a xenon arc lamp of
200 W and a tungsten halogen fiber light source of 150W.
The halogen lamp is cheap and available, which makes it
a good option to build a simple setup. Besides, it offers a
white-yellowish colour-light of 3000 K. Nonetheless, the
dimensions of the incandescent filament are similar to the
iris aperture, which means that its image will propagate
through the setup if the iris is placed close to it; this
will result in the superposition of the filament in the pic-
tures, which would be clearly detrimental for the correct
visualization of the flow. That can be solved by using
a diffuser; however, there will be a substantial loss of
light. On the other hand, the xenon arc lamp offers 10
to 100 times more luminous output than the tungsten-
filament lamp [4]. Its light corresponds to a temperature
of 6000 K which mimics the greenish-white hue of the
Sun. The major inconvenience is the heating up and the
emission of UV radiation which might be both harmful
to the schlieren object. In order to focalize the light
from both the lamps on the iris, a lens or a collimator
was used. Finally, the fiber halogen lamp, which has a
colour temperature of 3200 K, has less power but it has a
built-in collimator and optic fiber which avoid the loss of
light and make it brighter. Unlike the other lamps this
one does not require a collimator or diffuser and can be
placed directly before the iris diaphragm.
Depending on the illumination system and the phe-
nomenon to study we used two different cameras which
allowed us to control different parameters. The high-
speed CCD camera (S-PRI F1, AOS Technologies) is
a continuously-recording camera capable of recording at
1000 fps. In spite of its high performance, this camera
cannot be synchronized with events that require less than
1 ms precision because it is constantly recording. The al-
ternative is an intensified CCD camera (Animater-V1,
ARP France), which uses a microchannel plate (MCP)
as intensifier and has a minimum exposure time of 50
ns. This camera can only take one image every time it is
triggered, yet it can be synchronized up to the nanosec-
ond, which makes possible the visualization of very fast
repetitive events through a stroboscopic strategy.
Treball de Fi de Grau 2 Barcelona, June 2014
Set up of a Schlieren Flow Visualization Device Pol Sopen˜a i Mart´ınez
• Halogen lamp - Configuration 1
When using the halogen lamp we placed a single 50
mm focal-length lens as condenser in order to collect
the light onto the iris and a GRIT-120 diffuser at-
tached to it. The condenser lens was 110 mm to the
right (right and left positions are given based on the
sketch of Fig.1.) of the tungsten-filament. Then, the
iris was placed 84 mm to the right of the condenser
lens. The first field lens was placed so that its object
focal point lays in the diaphragm. Thus we obtain a
parallel-ray beam travelling through the schlieren ob-
ject and onto the second field lens. These two lenses
needed to be as much separated as possible in order
to obtain maximum sensitivity. In our setup their
separation was set to 360 mm. The schlieren object
was placed close to the object focal point of the sec-
ond lens, to its left. Finally, the knife-edge cutoff
was placed at 150 mm to the right from the second
lens, at the image focal point. Its height determined
the contrast of the observed gray-scale image, thus,
it had to intersect the beam, but not totally. With
all the system well aligned the high-speed camera was
placed after the cutoff. The position of the cutoff was
accurately determined by moving it back and forth
so that when the cutoff was risen the illumination of
the resulting image faded homogeneously. It had to
be taken into account that the higher the cutoff the
higher the contrast but the lower the illuminance.
• Arc lamp - Configuration 2
In this configuration the halogen lamp was replaced
by the arc lamp. The particular model of lamp used
in our setup propagated an image of the internal elec-
trodes. To solve that a GRIT-120 diffuser was placed
at the exit of the lamp. Instead of using one lens, a
collimator of two lenses was assembled. The first lens
(f=150 mm) was located 12 mm to the right of the dif-
fuser, the second lens (f=75 mm) was 65 mm to the
right of the first lens and the iris was 80 mm to the
right of the second lens. This arrangement allowed to
focalize more light onto the iris. Likewise, the rest of
the schlieren arrangement continued unaltered.
• Fiber lamp - Configuration 3
In this configuration the fiber lamp was used. Since
this lamp already included a built-in collimating sys-
tem and an optic fiber, no condenser was required.
Thus, the optic fiber was directly attached to the iris
diaphragm. The following part of the schlieren setup
remained the same.
Each configuration was optimized to obtain the best
possible results. First the light source was placed,
then the collimator and the diaphragm and, finally, the
schlieren piece. The accurate alignment of the lenses was
essential in order to obtain even illumination as well as
to avoid the loss of light. The distance between the field
lenses was the furthest given the dimensions of the opti-
cal bench. In order to obtain high sensitivity and high
resolution the diaphragm aperture was set at 0.7 mm.
The camera settings were adjusted so that images were
both bright and well focused.
III. RESULTS AND DISCUSSION
To test the proper performance of each con-
figuration, different schlieren objects were visual-
ized. The effects discussed in the forthcoming sec-
tions and presented in the figures of this report
are best appreciated in their corresponding movies.
The reader can find the complete collection in
https://www.youtube.com/user/PSMschlierenTFG.
A. Setup Characterization
In order to test the capabilities of the setup we con-
sidered two different situations. Firstly, gas coming out
of a lighter. When the gas comes out, the air density
varies because there is a high concentration of gas from
the lighter. Thus, the gas jet should be detectable. In
second place, air from a heat gun, a device similar to a
hair-drier but with a higher power. When the device is
on the variation of the refractive index due to the tem-
perature gradient and the air flow should be detectable.
• Configuration 1
In Fig.2 results for the first configuration setup are
presented. Images in the upper row (Fig.2 Aa, Ab, Ba
and Bb) have no cutoff, so no perturbation is observed
when the device is on. However, for the heat gun some
wavy-shadows appear, though they are barely percep-
tible. This is due to the relatively small diameter of
the used lenses (36 mm) which worked as cutoff. Red
and blue coloured regions appear due to chromatic
aberration when the cutoff is placed for images in the
lower row (Fig.2 Ac, Ad, Bc and Bd) [7]. The colour
gradient direction corresponds to the cutoff transla-
tion. The air flow of the heat gun is visualized and
dark and bright wavelike regions are created. Fur-
thermore, it can be seen how the gas of the lighter
rises up in the air and then to the right, probably as
consequence of a draught.
• Configuration 2
Same as before, in Fig.3 when there is no cutoff no
gray-scale image is produced for the lighter but a
pattern can be appreciated for the heat gun. Unlike
the arrangement of the first configuration, now the
coloured regions are green and blue because the arc
lamp emits at a different colour temperature. When
the knife-edge is risen the gray-scale image appears
clearly and the flow of gas from the lighter is more
visible. Thus, by changing the lamp and the collima-
tor the system becomes brighter and is more sensitive,
though in the frozen images is barely perceptible.
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Figure 2: Heat gun A) and lighter B) for Configuration 1.
The device responsible for the schlieren object was set to be
off with no cutoff a), to be on with no cutoff b), to be off with
cutoff c) and to be on with cutoff d).
Figure 3: Heat gun A) and lighter B) for Configuration 2.
The device responsible for the schlieren object was set to be
off with no cutoff a), to be on with no cutoff b), to be off with
cutoff c) and to be on with cutoff d).
• Configuration 3
The last configuration did not require a collimator
and light was simply directed onto the diaphragm.
Snapshots in Fig.4 show how that allowed to obtain
brighter images. When no cutoff is present no pattern
can be observed; however, it can be slightly observed
in the movies. Unlike before, the system is clearly
more sensitive when the cutoff is risen, thus, the air
flow is dramatically contrasted by darker and brighter
regions. The gas stream is likewise clearly visible.
Because the colour temperature is similar to that of
the first configuration the coloured regions are again
red and blue.
This study proves that the implemented schlieren setup
is feasible for gas flow visualization, being Configuration
3 the one which provides with the optimum results.
B. Proof of concept
After having characterized the schlieren device and de-
termined the optimum configuration, a more challenging
instance is considered. Knowing that an electric spark
produces a sound wave, which is a pressure variation
Figure 4: Heat gun A) and lighter B) for Configuration 3.
The device responsible for the schlieren object was set to be
off with no cutoff a), to be on with no cutoff b), to be off with
cutoff c) and to be on with cutoff d).
propagated through air, we aimed to visualize that phe-
nomenon [8]. Since sound propagation is a much faster
phenomenon than any of the ones used in the previ-
ous characterization, a synchronism system between the
spark generation and the image acquisition will be now
required.
A spark lamp (Nanolite) was placed in the schlieren
object plane. This lamp produces an electric spark of
only 22 ns. In order to obtain clear snapshots and tak-
ing into account the field of vision (3 cm) and the speed
of sound (∼340 m/s), exposure times of the order of µs
were required. The intensified camera Animater-V1 sat-
isfied these working conditions and could be adequately
synchronized, which would be otherwise impossible with
the high-speed camera previously used.
In Fig.5 the synchronism scheme is presented. First of
all, signal S1, provided by a pulse generator, triggered
the spark. Then, two simultaneous pulses were neces-
sary, one to trigger the MCP (S2) and another to acquire
the image (S3). The delay between S1 and S2-S3 had
to be at least of 3.27 µs. However, this delay time was
variable, being 3.27 µs the required delay to capture the
spark ignition, and longer delays were considered in or-
der to take snapshots of the propagating wavefront. The
variable delay is represented in Fig.5, where t is the time
between the spark and acquisition time. The correspond-
ing stop-action movie is presented in Fig.6. The illumi-
nation system did not require synchronization because it
is a continuous light source. All images were taken with
0.5 µs exposure time to avoid blurriness and still obtain
clear images with enough brightness.
It can be observed in the following images of Fig.6 how
a circular shadow, which corresponds to the sound-wave
front, propagates upwards. The first image corresponds
to the spark generation (t=0 µs). In both first and second
image nothing can be detected because the perturbation
has not yet emerged from the electrodes cage. Darker
regions attributed to a temperature gradient in air are
observed beneath the perturbation front. In order to
determine the speed of the perturbation we can plot its
distance from the surface of the lamp versus the elapsed
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Figure 5: Scheme of the synchronization system.
Figure 6: Images of the sound wave propagating upwards; in
the bottom of the frames the delay between the spark ignition
and the acquisition of the image is indicated. A dashed line
contouring the electrodes cage is drawn in the first image.
time, as presented in Fig.7.
From the collected data it is observed that all data
points are aligned, which indicates that the propagation
advances at a constant speed. When performing a linear
fit to the data sets a speed of 360 m/s was obtained,
which matches fairly well the speed of sound in air at
room temperature.
Figure 7: Position of the sound wavefront respect to the edge
of the electrodes cage versus time. Two data sets (crosses and
circles) were acquired.
IV. CONCLUSIONS
The schlieren technique has been proved feasible to vi-
sualize transient flows in transparent media by setting up
a double-field lens arrangement. It has also been shown
that enhancing the illumination system by placing a col-
limator and choosing a more luminous light source more
contrasted images were obtained, thus corroborating that
a brighter lamp is needed to improve the quality and sen-
sitivity of the images. Finally, the setup has been proved
to be sensitive enough to detect and track a sound wave
generated by an electric spark. The visualization has
showed that the generated perturbation propagated at a
speed of 360 m/s which indicates that it indeed corre-
sponds to a sound wave.
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